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esponsibility of ChinAbstract Formation of crystalline TiO2 (anatase) ﬁlms by anodic oxidation of titanium foils in ethylene
glycol (EG) based electrolytes at room temperature has been investigated. By varying the anodizing
parameters such as the amounts of water and NH4F added, applied voltage and anodization time, anodic
TiO2 ﬁlms with different crystalline structures were obtained. Scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray powder diffraction (XRD) characterizations were
employed to determine the morphologies and crystalline structures of as-prepared anodic TiO2 ﬁlms. The
results indicate that crystallization of anodic TiO2 ﬁlms was generally facilitated by high ﬂuoride
concentration, high applied voltage and longer anodization time, and the formation of anodic TiO2 ﬁlms
with best crystallinity could only be achieved when optimized amounts of water were added.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
TiO2 nanotubes prepared by electrochemical anodization
have attracted increasing interest in recent years because of
their excellent performances in various applications such asearch Society. Production and hostin
4
. Hong).
ese Materials Research Society.photocatalysts, [1] solar cells,[2] gas sensors, [3] and biomedical
applications [4]. It is well known that the crystal structures of TiO2
nanotubes can greatly affect their application performances, and in
many cases amorphous TiO2 nanotubes need to be converted to
crystalline TiO2 nanotubes in order to improve their catalytic
activity, electronic conductivity or mechanical strength to achieve
higher application performances [5–7]. However, as anodized
TiO2 nanotubes are usually amorphous and a post annealing
process at high temperature is required to get crystalline TiO2,
[8] which limits their use in applications with temperature-
sensitive processes. It is therefore of importance to grow crystal-
line anodic TiO2 nanotubes without the post annealing treatment at
high temperature. Many efforts have been made by the researchersg by Elsevier B.V. All rights reserved.
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temperatures [9,10]. Inﬂuences of the anodization parameters such
as applied voltages, anodization time and electrolytes used on the
crystallinity of as-prepared anodic TiO2 nanotubes have also been
studied in-depth by the authors [11–13].
Based on a layer of crystalline TiO2 ﬁlms ﬁrstly formed by
treating the titanium foil with an electrolyte containing an
oxidizing agent (H2O2 at 80 1C, or (NH4)2S2O8 at 120 1C),
crystalline TiO2 nanotube arrays can be achieved by the subse-
quent potentiostatic anodization in a ﬂuoride-containing electro-
lyte, as reported by Allam et al. [9]. The as-synthesized crystalline
TiO2 nanotube arrays were then tested as anode electrodes for
water photo-electrolysis and dye-sensitized solar cells, showing
performances comparable to the samples annealed at high tem-
peratures. However, when the anodization time was increased, the
crystalline nanotube array grown from the initially formed crystal-
line TiO2 ﬁlms was replaced by a newly formed amorphous
nanotube array. In this two-step growth method, the length of the
crystalline TiO2 nanotubes was limited by the preformed crystal-
line TiO2 ﬁlms formed by oxidizing agent treatment, and could
only grow to about 1.4 μm in length.
Kunze et al. [10] showed that an amorphous anodic oxide layer
on titanium formed by pre-anodization in ﬂuoride-free 1 M H3PO4
for 10 min can be converted to a disordered nanoporous rutile
layer upon another 5.5 h polarization in a ﬂuoride-containing
electrolyte (1 M H3PO4+0.3 wt% HF), whereas extended polar-
ization in a ﬂuoride-free electrolyte for 5.5 h led to a conversion to
anatase. However, when titanium was anodized in 1 M H3PO4+
0.3 wt% HF without the above mentioned pre-anodization, it
resulted in normal amorphous TiO2 nanotube array. No explana-
tion was given for the formation mechanism of anatase and rutile
in this extended polarization of a pre-anodized Ti foil.
TiO2 nanocrystallites can also be generated in one-step anodi-
zation of titanium without any special pretreatment except washing
by acetone and deionized water. Generally, anodization of titanium
at lower voltages leads to the formation of amorphous TiO2, and
anodization at higher voltages can induce some sort of crystallinity
in the TiO2 grown. Depending on the electrolytes used, the
threshold voltages for the crystallization of TiO2 vary largely.
By using 3-parameter ellipsometry measurement, Ohtsuka and
Otsuki [12] found that anodic TiO2 ﬁlms formed in an aqueous
solution of 0.1 M sulfuric acid at voltages below 5 V were
amorphous, and at above 5 V were anatase. Allam and Grimes
[13] anodized Ti foils in different polyol electrolytes containing
0.2 M NH4F+0.05 M H2SO4+2% H2O at 40, 60 and 80 V
respectively. No crystallinity can be detected for anodic TiO2
nanotubes grown in electrolyte of ethylene glycol (EG) at all the
three applied voltages, and crystalline nanotubes can only be
grown at higher voltage of 80 V when using diethylene glycol as a
electrolyte. When anodized in polyethylene glycol 400 (PEG),
crystalline TiO2 nanotubes can be obtained at all the three
voltages. The results clearly showed that the threshold voltage
for the formation of crystalline anodic TiO2 nanotubes were highly
depended on the base electrolytes used.
The amount of water added has also played an important role in
the formation of crystalline TiO2 grown via different methods
including the anodization route. It was showed by Allam and
Grimes [13] that, anodization of Ti foils in polyol electrolytes
containing 0.2 M NH4F, 0.05 M H2SO4, and different percentages
of water resulted in anodic TiO2 nanotubes with different
crystallinities. When no water or 1% water by volume was added,
completely amorphous TiO2 nanotubes were grown ascharacterized by X-ray diffraction. When 2% or 3% water by
volume was added, some portion of crystalline TiO2 can be
detected. However, when the amount of water added was
increased to 10%, completely amorphous TiO2 nanotubes were
grown again. The origin for the dependence of the crystallinity of
the grown TiO2 nanotubes on the amounts of water added is not
clear and needs to be further studied.
Although many useful theoretical analysis and experimental
results have been provided by previous authors, there are still lots
of problems remained in understanding the anodic formation of
crystalline TiO2 nanotubes. In the present work, the combining
effects of water content, ﬂuoride concentration and applied voltage
on the crystal structures and morphologies of the resulting anodic
TiO2 ﬁlms have been investigated, and the mechanism accounting
for the anodic formation of crystalline TiO2 nanotube arrays has
been discussed.2. Experimental
Pure titanium foils (99.6%, 0.25 mm thick) were cleaned ultra-
sonically in ethanol and deionized water successively prior to
anodization. The anodization was performed using a two-electrode
cell with titanium foil as the working electrode and graphite foil as
the counter electrode, under constant voltage at room temperature.
The electrolytes used were ethylene glycol (EG) based with
different percentages of water and NH4F added. The anodizing
voltages were kept at 30, 60 and 120 V. The anodization time
ranged from 1 h to 14 h.
The morphology of the anodized samples was examined using a
JEOL JSM-6700F ﬁeld emission scanning electron microscope
(FESEM) and JEOL JEM-2010 transmission electron microscope
(TEM). The crystalline phases were characterized by X-ray
powder diffraction (XRD) on a Rigaku DMAX2500 X-ray
diffractometer using a copper target (λ¼0.154 nm).3. Results and discussions
Fig. 1a shows XRD patterns of anodic TiO2 ﬁlms prepared in EG
electrolytes containing 0.5 wt% NH4F and 0.5 wt% water at
different voltages. No crystallinity can be detected for anodic
TiO2 produced at 30 V. However, when the anodizing voltage
increases to 60 V or even 120 V, the resulting anodic TiO2 ﬁlms
show clearly reﬂection peaks corresponding to anatase (101). The
increase of the crystallinity of anodic TiO2 ﬁlms with their
formation voltage is consistent with the results in previous reports
[12,13]. This is reasonable since the anodic oxide ﬁlms grow at a
higher electric ﬁeld strength when applied with a higher formation
voltage. The higher ﬁeld strength across the oxide ﬁlms and the
temperature rise induced by the resulting enhanced joule heating
will both accelerate the crystallization of the oxides grown.
According to our previous study [14] on the localized dielectric
breakdown taking place at the anodic TiO2 nanotube bottoms, the
degree of localized dielectric breakdown increases with increasing
anodizing ﬁeld strength. Localize breakdown of the oxide will
cause local ﬁeld enhancement and joule heating, as well as
signiﬁcant electrostriction and local temperature rise, which ﬁnally
help the formation of TiO2 nanocrystals. Thus formation of TiO2
nanocrystals can be promoted by more serious breakdown of the
oxide ﬁlms at higher formation voltage.
Fig. 1 XRD patterns of anodic TiO2 prepared in EG electrolytes containing 0.5 wt% NH4F and 0.5 wt% water at different voltages for 1 h (a),
and in EG electrolytes containing 1.0 wt% water with different amounts of NH4F at 60 V for 1 h (b).
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balanced ﬁeld strength during the growth of porous anodic metal
oxides is higher for electrolytes and more aggressive to the formed
anodic oxides. Therefore, increasing the NH4F concentration will
also lead to a higher formation ﬁeld strength. The resulting
enhanced dielectric breakdown and joule heating of the oxide will
also promote the formation of TiO2 nanocrystals. As shown in
Fig. 1b, the crystallinity of anodic TiO2 ﬁlms increases obviously
when the percentage of NH4F added in the electrolytes increases
from 0.1 wt% to 0.5 wt%.
Fig. 2 shows the XRD patterns of anodic TiO2 ﬁlms prepared in
EG electrolytes with 0.5 wt% NH4F and different amounts of
water added at 60 V and 120 V for 1 h. It can be seen that, as the
amount of adding water increases from 0.5% to 20% by weight,
the crystallinity of the produced TiO2 ﬁlms increases ﬁrstly and
then decreases gradually. For anodic TiO2 ﬁlms prepared at 60 V,
oxide ﬁlms with best crystallinity were obtained when about
1.0 wt% water was added. While for anodic TiO2 ﬁlms grown at
120 V, the optimized amounts of water added for the growth of
samples with best crystallinity appear to be about 5.0–8.0% by
weight.
When anodic TiO2 ﬁlms were prepared at 60 V and 120 V in
EG electrolytes containing 0.3 wt% NH4F with increasing amounts
of water added, the crystallinity of the produced TiO2 ﬁlms
increased ﬁrstly and then decreased again as shown in Fig. 3.
The optimized amounts of water added were 1–2% by weight at
the formation voltage of 120 V, and 0.3–0.5% by weight at the
formation voltage of 60 V. When only 0.1 wt% NH4F was added
in the EG electrolytes, the optimized amount of water added for
the growth of anodic TiO2 ﬁlms with best crystallinity was about
0.3–0.5% by weight as shown in Fig. 4a.
Except the applied voltage and electrolytes used, the time of
anodization can also affect the crystallinity of the produced anodic
TiO2 ﬁlms. As shown in Fig. 4b, anodic TiO2 prepared in EG
electrolytes containing 2 wt% H2O and 0.3 wt% NH4F at 60 V
for 1 h shows no any crystallinity according to the XRDcharacterization. However, when the anodization time is extended
to 14 h, clear anatase (101) reﬂection peak can be seen in the XRD
pattern, revealing that the crystallinity of the anodic TiO2 ﬁlms can
be improved by prolonged anodization. A recent report by Wang
et al. [17] showed that a treatment of soaking in deionized water at
room temperature for 3–4 days could change amorphous as
anodized TiO2 ﬁlms to well crystalline mesoporous nanowires
with a pure phase of anatase. Such water-soaking treatment
worked also when amorphous sample grown in EG electrolytes
containing 20 wt% H2O and 0.5 wt% NH4F at 120 V for 14 h was
immersed in deionized water at room temperature for 4 days. The
formation of anatase phase was proved by the XRD pattern shown
in (D) of Fig. 4b. Since there was also some water in the
electrolytes used, prolonged anodization may cause the produced
oxides to be soaked in water for a sufﬁcient long time inducing the
formation of nanocrystallites. During this process, the joule heat
generated in the ﬁlms might also contribute to the crystallization of
the oxides.
From the above experimental results, the factors below are
conﬁrmed to be signiﬁcant for the self-crystallization of TiO2 ﬁlms
formed by electrochemical anodization of Ti in EG based
electrolytes at room temperature: the percentages of water and
NH4F added, the applied external voltage, and the anodization
time. Generally, crystallization of TiO2 are facilitated by higher
concentration of NH4F, higher applied voltages and longer
anodization times. When the amounts of water are very small,
adding more water will improve the crystallinity of the anodic
TiO2 obtained. However, when too large amount of water is
added, the crystallinity of anodic TiO2 produced will decrease.
This is in consistent with the report by Allam and Grimes [13] in
which similar relation between the amount of water added and the
crystallinity of the produced anodic TiO2 was found for anodiza-
tion of Ti foils in polyol electrolytes containing 0.2 M NH4F and
0.05 M H2SO4, although the optimized amount of water for the
growth of TiO2 ﬁlms with best crystallinity was different from the
present work. When the base electrolyte used changed from EG to
Fig. 2 XRD patterns of anodic TiO2 prepared at 60 V (a) and 120 V (b) for 1 h in EG electrolytes containing 0.5 wt% NH4F with different
amounts of adding water.
Fig. 3 XRD patterns of anodic TiO2 prepared at 60 V (a) and 120 V (b) for 1 h in EG electrolytes containing 0.3 wt% NH4F with different
amounts of water added.
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3 vol% to about 6% by volume probably due to higher viscosity of
PEG than EG.
In the present work, it is further shown that, the optimized
percentages of water added for the growth of anodic TiO2 ﬁlms in
the same EG based electrolytes with best crystallinity depend both
on the NH4F concentrations and on the applied anodizing voltages.
When anodic TiO2 ﬁlms were prepared in EG based electrolytescontaining 0.1 wt% NH4F, the optimized amount of water added
was about 0.3–0.5% by weight at the formation voltage of 60 V,
which increased to about 1.0 wt% when the concentration of NH4F
increased to 0.5 wt%. When anodic TiO2 ﬁlms were prepared in
EG based electrolytes with 0.5 wt% NH4F added, the optimized
percentage of adding water increased from about 1.0 wt% at the
formation voltage of 60 V to about 5–8 wt% at the formation
voltage of 120 V. The combining effect of the amounts of adding
Z. Su et al.298water, NH4F concentrations and the applied voltage on the
crystallinity of the produced anodic TiO2 ﬁlms will be
discussed later.
As is well known, highly ordered close packed TiO2 nanotube
arrays can be prepared by anodization of Ti in EG based
electrolytes with appropriate amounts of NH4F and water added.
SEM images in Fig. 5 show typical morphologies of anodic TiO2
nanotube ﬁlms prepared at 60 V in EG electrolytes containing
0.3 wt% NH4F and 2.0 wt% water, and at 120 V in EG containing
0.5 wt% NH4F and 1.0 wt% water. The crystallinity of the latter is
better than the former as can be seen from the XRD data shown in
Fig. 3a and Fig. 2b. Anodic TiO2 ﬁlms obtained at both conditions
show the typical morphologies of closed packed nanotube arrays.
O-rings connecting the neighboring nanotubes can be seen clearly
as pointed to by the arrow in Fig. 5c at the bottoms of anodic TiO2
nanotubes with lower crystallinity. In contrast, the bottoms of
nanotube arrays with higher crystallinity are more compact and no
obvious gap between neighboring nanotubes can be seen as shown
in Fig. 5f.
Anodic TiO2 nanotubes prepared in EG electrolytes containing
0.5 wt% NH4F and 1.0 wt% water at 60 V are so compact that
some of the nanotubes do not separate from the junction areas of
neighboring tubes under external mechanical force. Instead, these
nanotubes split themselves as anodic aluminum oxides with a
typical morphology of continuous nanoporous ﬁlm, indicating
strong connections between neighboring nanotubes (Fig. 6c and d).
In consistent with the XRD analysis shown in Fig. 1b, correspond-
ing HRTEM images shown in Fig. 6a and b reveals that
the produced nanotubes are comprised of many anatase nano-
crystallites. Crystallization of the oxides at the junction area should
account for the strong connections between neighboring
nanotubes.
According to the XRD characterization, TiO2 ﬁlms prepared by
anodizing Ti at 120 V in EG electrolytes containing 0.5 wt%
NH4F and 20 wt% water are completely amorphous, although theFig. 4 (a) XRD patterns of anodic TiO2 prepared in EG electrolytes conta
1 h. (b) XRD patterns of TiO2 prepared in EG containing 2 wt% H2O and
20 wt% H2O and 0.5 wt% NH4F at 120 V for 14 h (C) or 1 h plus water-high voltage applied and high concentration of NH4F could both
facilitate the crystallization of produced TiO2 ﬁlms. Corresponding
SEM images shown in Fig. 7 reveal that the nanotubular structure
of the grown amorphous anodic TiO2 is destroyed, and only loose
packed porous oxide layer is formed. The bottoms of the grown
anodic TiO2 ﬁlms and the pits left on the surface of underlying Ti
substrate are both loose packed and disordered. Moreover, in the
area marked by the dashed square in Fig. 7c, many hemispherical
bottoms of the oxide ﬁlms are broken probably due to the serious
chemical etching by the electrolytes. The broken pores provide
additional pathways for the electrolytes to reach the underlying
metal substrate, invaliding the guiding effect by the pores channels
and leading to the growth of oxide ﬁlms with a loose and
disordered structure.
The above experimental results suggest that as-anodized TiO2
ﬁlms with more compact structures usually have better crystal-
linity. This phenomenon can be explained as follows. Since the
atomic density of Ti in the metal is much higher than in the anodic
TiO2 ﬁlms, oxidation of the metal will cause signiﬁcant volume
expansion and the resulting stress is so strong that it can enable the
viscous oxide to ﬂow from the bottom to the pore wall as
experimentally veriﬁed by the Thompson group [18,19]. This
can help crystallization of oxide in the area where signiﬁcant
compressed stresses are present. However, when the formed
oxides are loose structured due to the signiﬁcant chemical etching
by the electrolytes, the stresses induced by the oxidation of metal
or the high ﬁeld present could be released effectively, leading to
the formation of amorphous oxide ﬁlms.
According to the previous report, [14] adding more water to the
EG based electrolytes can increase the dielectric constant of the
electrolytes and cause more serious localized dielectric breakdown
of the oxides. Therefore, during the anodic growth of TiO2 ﬁlms,
when relative small amount of water is added, the enhanced local
ﬁeld strength and joule heating induced by the more serious
localized dielectric breakdown of the oxides can help theining 0.1 wt% NH4F with different amounts of water added at 60 V for
0.3 wt% NH4F at 60 V for 1 h (A) and 14 h (B), and in EG containing
soaking at room temperature for 4 days (D).
Fig. 6 TEM (a) and HRTEM (b) images of anodic TiO2 nanotubes prepared in EG electrolytes containing 0.5 wt% NH4F and 1.0 wt% water at
60 V for 1 h. SAED and FFT patterns in the insets clearly show the anatase structure of the nanotubes.
Fig. 5 SEM images of anodic TiO2 prepared by anodizing Ti at 60 V for 16 h in EG electrolytes containing 0.3 wt% NH4F and 2.0 wt% water
(a–d), and at 120 V for 1 h in EG electrolytes containing 0.5 wt% NH4F and 1.0 wt% water (e,f).
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Fig. 7 SEM images of anodic TiO2 prepared by anodizing Ti at 120 V for 1 h in EG electrolytes containing 0.5 wt% NH4F and 20 wt% water.
(a) and (d) were taken at a higher magniﬁcation than their corresponding insets.
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of adding water is too large, the increased diffusivity of the
electrolytes will cause signiﬁcant chemical etching of the oxide
formed, [20] leading to the formation of oxide ﬁlms with loose
structures and hence poor crystallinity. Now the reason why the
optimized amounts of water added for the formation of anodic
TiO2 ﬁlms with best crystallinity increase with the increasing of
NH4F concentration and applied voltage still remains unsolved.
Further investigations are required to reveal the combined effect of
the water, NH4F and voltage on the morphologies and structures of
the anodic TiO2 ﬁlms. One possible explanation could ascribe this
relation to the shortened time of the chemical etching of the oxide
by the faster growth rate at higher NH4F concentration and applied
voltage.4. Conclusions
The effects of water content, ﬂuoride concentration, applied
voltage and anodization time on the crystal structures and
morphologies of the anodic TiO2 ﬁlms prepared in EG based
electrolytes were investigated. It is shown that well crystalline
TiO2 (anatase) ﬁlms can be grown with higher applied voltage,
longer anodization time, higher ﬂuoride concentration and appro-
priate adding water. The crystallization of the anodic oxides ismainly attributed to the mechanical stress induced by the volume
expansion during oxide growth, localized dielectric breakdown of
the oxide under high ﬁeld, and the joule heating effect. The
amounts of water added can signiﬁcantly affect the crystallinity
and morphology of the obtained anodic TiO2 ﬁlms. It is found that
relatively small amount of water added can help the formation of
crystalline anodic TiO2 ﬁlms with a compact structure, while too
much water added leads to the formation of amorphous TiO2 ﬁlms
with a loose structure. It is suggested that, the loose structure can
help relieve the stress generated during the anodic growth of TiO2
ﬁlms and retards the formation of nanocrystallites. The optimized
amounts of water added for the growth of TiO2 ﬁlms with best
crystallinity increase with increasing NH4F concentration and
applied voltage. Nevertheless, further study is still required to
fully understand the combining effect of the above anodization
parameters on the structure and morphology of anodic TiO2 ﬁlms.Acknowledgments
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